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Introduction
The response of consumers to changes in prices is instrumental for any ex ante assessment of taxation. In particular in the case of energy taxation or the taxation of the carbon content of fossil fuels, such assessments are of importance for at least two reasons: First, it allows for an appraisal of the quantitative response of consumer demand. Second, it allows for an estimation of the incidence of carbon or energy taxation. Both aspects are relevant for the design of energy and climate policy. This paper contributes to the literature by providing detailed empirical information on energy demand of households in Germany. We use official German income and expenditure data (Einkommens-und Verbrauchsstichprobe, EVS) to estimate a quadratic expenditure system (QES) and derive expenditure elasticities and price elasticities for a number of goods, including electricity, space heating, transportation, food, clothing, housing, health, mobility and education. The results are disaggregated in order to provide evidence on the demand of different household types (singles, couples, with and without children). The demographic translation is used to assess demand at the household level and it allows a cross-evaluation of the new OECD equivalence scale, which is used to compare income or expenditure across households of different size. In addition, the elasticities are estimated at different loci of the expenditure distribution (i.e. the quartile means of the total expenditure distribution) in order to provide richer information of the impact of total expenditure on energy consumption and substitution patterns. These results are eventually used to assess the incidence and welfare consequences of energy taxation in a counterfactual scenario. Our work is related to different strands of literature. It augments a number of studies on household energy consumption behaviour. In this canon of articles, evidence on energy consumption for many countries can be found, but to the best of our knowledge, there is no up to date contribution with respect to German households (Espey and Espey, 2004; Krishnamurthy and Kriström, 2015; Meier et al., 2013a; Narayan et al., 2007; Nikodinoska and Schröder, 2016) . In particular, there is no contribution which provides detailed results on the consumption of electricity, heating, and transportation by means of providing income and price elasticities. While Kohn and Missong (2003) use similar data and methods as we do, they do not consider energy demand. Nikodinoska and Schröder (2016) provide elasticities for energy goods, however they do not differentiate by household type. Ultimately, consumption -or more precisely substitution -of goods constitutes the incidence of a tax. Especially in the case of energy taxation, there is evidence that direct taxation causes a regressive effect.
1 This effect originates from the nature of energy goods, which are necessary goods with an income elasticity of energy demand lower than unity (Meier et al., 2013a) . In particular in the case of a more ambitious climate policy, which may cause an increase in energy prices, distributive effects of the policy are an important element of policy planning. While Baumol and Oates (1988) express the view that distributive effects of environmental policies are 'of interest in and of itself in a world in which inequality and poverty have assumed high priority among social issues' (Chapter 15, p. 235), the problem can be framed in a broader discussion on the distribution of tax burdens as found in public finance (Musgrave, 2002) . Whatever specific view on the distribution of burdens one may take, if energy taxation contributes to the overall tax burden to a non-negligible extent, the assessment of tax incidence is required to inform policy makers about expected outcomes of reforms. Such assessments can be facilitated by means of microsimulation, which requires detailed information as provided in this article (Flues and Thomas, 2015) . Related to aspects of the distribution of burdens, fuel poverty or energy poverty, has received increased interest in the literature in recent years. A number of different definitions exist (Hills, 2012; Moore, 2012; Healy, 2004) which have quite distinctive policy implications (Heindl and Schuessler, 2015; Heindl, 2015) . Without taking a stance on the various definitions and setting aside possible methodological problems, most definitions pivot around household income and expenditure on energy services, and thus have the notion of a bivariate poverty measure. The results of this study help to foster understanding of the driving forces behind affordability of energy services, contingent on detailed household characteristics. They therefore contribute to the literature on fuel or energy poverty, in particular by providing information on the expected change in expenditure on energy services by households as a response to changes in energy prices. Since some definitions rely on equivalised energy costs, e.g. the fuel poverty definition by Hills (2012) , the results of this paper also help to improve measurement techniques by providing empirical evidence on how energy (electricity and space heating) is used on a per capita basis, given that there are economies of scale in energy use by households. Our results show that there are considerable differences in price and income elasticities of energy consumption across income levels and household types. Energy services clearly have the notion of a necessary good. Energy demand of low-income households shows a weak reaction to changes in energy prices. Energy demand of households belonging to the upper 25 percent of incomes is about factor three times more price-elastic when compared to households belonging to the lowest 25 percent of incomes. The observed consumption and substitution patterns have several important implications. First, an increase in energy prices will cause a moderate reduction in consumption of low-income households, while households belonging to the upper brackets of the income distribution show a more pronounced response. Second, for a given change in energy prices, there are significant differences in the impact on household welfare as a result of the price change. Welfare losses (expressed as compensating variation) tend to be large for low-income households and/or small households (e.g. single households). Thus, a given change in energy prices will impose unequal burdens on the considered types of households, which is at odds with many principles of just taxation (Musgrave, 2002) . Finally, the observed consumption patterns will have a bearing on affordability of energy services, as low-income households face larger burdens compared to wealthier households. Wether expressed in terms of the expenditure share spent on energy services or in terms of welfare, price increases for energy services do not have a uniform impact on households. From this perspective, the discussion on energy poverty may be reconciled with the neoclassical view on the household production function. In situations in which the expenditure share spent on necessary goods becomes large, it is possible that deprivation in other domains of consumption occurs. This, prima facie, justifies a priority view on low-income households in the design of energy and climate policies (Parfit, 1997) . The remainder of this paper is organised as follows. Section 2 presents a description of the quadratic expenditure system. Section 3 provides a detailed data description and a description of the estimation procedure. Section 4 comprises the discussion of the empirical results. Section 5 concludes.
Methodology

Demand Systems
The use of demand systems has a long history. The development has moved from rather inflexible systems like the Linear Expenditure System (LES), first estimated by Stone (1954) , to more flexible systems. The Almost Ideal Demand System (AIDS), proposed by Deaton and Muellbauer (1980a) , has achieved a high degree of popularity for the flexibility of its underlying cost function. The Quadratic Expenditure System (QES) (Pollak and Wales (1978) ) and the Quadratic Almost Ideal Demand System (QUAIDS) (Banks et al. (1997) ) are examples of demand systems that exhibit a high degree of flexibility in the total expenditure dimension. The most modern system that emerged from this long-lasting development is the Exact Affine Stone Index Implicit Marshallian Demand System (EASI), proposed by Lewbel and Pendakur (2009) . It combines a high degree of flexibility in both aforementioned categories. The use of demand systems plays an important role in the estimation of consumer demands. Their wide acceptance stems from the possibility to impose desirable properties on the system of fitted demand equations and to create a theoretically plausible model. A theoretically plausible model satisfies four conditions, known as Integrability conditions (Barnett and Serletis (2009) ). Its demand curves exhibit:
• Positivity -Demands are nonnegative
• Summability -The product of prices and demanded quantities sums up to the total expenditure:
• Homogeneity of degree zero in (P , µ) -If prices and total expenditure are multiplied by a common factor, demand is not affected: q(P , µ) = q(tP , tµ)
• The Slutsky substitution matrix is symmetric and negative semidefinite Hurwicz and Uzawa (1971) show that a demand system can be generated by utility maximization if, and only if, these properties hold.
The Quadratic Expenditure System
While all typical demand systems impose at least some of the above mentioned properties, different demand systems differ in the exact forms of their demand and utility functions. These differences lead to different properties of the systems. The most suitable demand system has to be chosen on the basis of the given problem and data set. In our study, we chose to work with the QES. The system exploits the full potential of Engel curve flexibility and can be estimated with a relatively small number of free parameters. We thus find that -in the context of the data set at hand -the QES is the best compromise between flexibility, especially in the total expenditure dimension, and feasibility in the face of few cross sections and a wide range of commodity groups. A mathematically rigorous description of the QES is provided by Howe et al. (1979) . Here we will confine ourselves to a brief outline of the major features of the system described by Howe et al. (1979) . Each theoretically plausible quadratic expenditure system is generated by the following indirect utility function:
where P T = (p 1 , ..., p n ) is the vector of prices for n commodity groups and µ denotes total expenditure. The realisation of the variable vector (P , µ) can differ for each entity which is described by the demand system. For Ψ to be homogeneous of degree zero in (P , µ), the functions f (P ), g(P ) and α(P ) must be homogeneous of degree one in P . Applying Roy's identity yields the following Marshallian demand equation for the demand q i of the ith good:
Hereby the subscript p i denotes partial derivatives with respect to p i . As specification of the functions f , g and α, we use a system also presented by Howe et al. (1979) :
This system includes the final model parameters a i ,b i , c i for i ∈ {1, ..., n}. Restriction 6 ensures summability of the resulting demand system. The resulting system is characterised by the indirect utility function (7) and expenditure functions (8) (adopted from Kohn and Missong (2003) ):
Note here, that the i index in sums and products 3-6 is changed to k for notational clarity. This specification reduces to a linear demand system in case of c i = 0 ∀i. The system of Marshallian demands q T = (q 1 , ..., q n ) satisfies by construction the summability constraint, is homogeneous of degree zero in (P , µ) and has a symmetric Slutsky matrix. Testing for theoretical plausibility of the estimated demand system therefore consists in testing for positivity and negative semidefiniteness of the Slutsky matrix. The specification shown here is to be preferred over others due to its low number of free parameters. It has 3n − 1 free parameters, i.e. for each of the n equations exists a parameter set a i ,b i , c i . However, due to the summability constraint realised by i a i = 1 one a i is determined by the others.
Demographic Translating
Demographic variables are incorporated via the method of demographic translating, described by Pollak and Wales (1978) . This approach seems most convenient for our expenditure system, since it is realised by a simple linear extension of theb i parameters. It is therefore easier to compute than an additional nonlinear demographic element as obtained for example through demographic scaling (Pollak and Wales (1981) ). Demographic translating is based on the assumption that demographics influence the indirect utility function mostly via some total expenditure offset:
where Ψ denotes the indirect utility function of the translated system and d i (δ) = j β ij · δ j sums up the direct influence of the N demographic variables δ j for j ∈ {1, ..., N } on the ith equation. This results in the modified Marshallian demand equation:
Since the d i act in the same way on the demand equations as theb i parameters, we present them in the following as the combined sum b i =b i + d i .
Stone-Lewbel Cross Section Prices
We further introduce household specific Stone-Lewbel cross section prices as proposed by Lewbel (1989) . These reflect the fact that the composition of consumed commodity groups differs between households and therefore the perceived prices for these commodity groups differ between households as well. The increased price variation can additionally improve the fitting routine thanks to the higher variation in the price variables.
Lewbel presents a theory of household specific price indices under the assumption of weakly separable demands.
2 We adopt Lewbel's approach, who constructs price indices for the case of Cobb-Douglas within group utility functions:
Thereby s denotes a vector of demographic characteristics, g i is a scaling factor, and q ih and w ih denote consumed quantity and group budget share of good h in commodity group i. In the case of within group utility functions as in equation 11 one obtains the household specific price index p i (s):
wherebyp ih denotes prices for good h of commodity group i and the scaling factor g i represents the reference household with its group budget shares w ih :
We adopt the approach by Hoderlein and Mihaleva (2008) and use as reference household a fictive household with average within group budget shares in each good category of each commodity group.
Elasticities
Price and expenditure elasticities can be derived from the well-defined expenditure system. In the QES expenditure elasticities δq i (P , µ) δµ
are given by:
and own-price elasticities
Finally, cross-price elasticities
are given by: (16) 3 Data and Estimation Method
Expenditure Data
Income and expenditure data in the following analysis is drawn from the German Income and Expenditure Survey (IES). This survey is published every five years by the German Federal Office of Statistics. It comprises detailed expenditure data from about 60,000 German households, which are selected by quota sampling. Participation in the survey is voluntary (Statistisches Bundesamt (2012) ). We use data from the IES of the years 1993, 1998, 2003 and 2008. To adjust data sets to each other, we convert all expenditures to quarterly values (relevant for IES1993) and to euros (relevant for IES1993, IES1998) using the constant conversion rate of 1 euro = 1.95583 DM. For a more detailed description of the data preparation process, see Appendix B.
Commodity Groups
We start the analysis with a demand system comprising ten commodity groups. Thereby, seven commodity groups are chosen as in Kohn and Missong (2003) and the energy dimension is added via three additional energy categories. The final aggregation allows for comparability with the results by Kohn and Missong (2003) and gives the opportunity to identify the interactions between energy consumption and other consumption on a differentiated level. Table 1 gives an overview of the commodity groups.
[ Table 1 about here.] Durable goods represent a large part of the commodity groups mobility, education and others. The choice on the inclusion of durable goods in demand systems is based on a trade-off. On the one hand, durable goods are long-time investments due to their high transaction costs. Hence, their actual consumption does not necessarily reflect an optimal consumption choice.
3 Additionally, the resulting infrequent purchases in this category are hardly accurately captured by a time-limited survey. On the other hand, neglecting categories of durable goods leads to the exclusion of a potentially important portion of consumption. This holds also true in the context of energy demand analysis, since households' energy consumption is closely related to the possession of electrical appliances and motorised vehicles. Thus, we feel that the information gain of including durable goods surmounts its drawbacks. Like Kohn and Missong (2003) , we therefore include durable goods in the analysis. We distinguish durable goods by the three categories mobility, education and others. In doing so, we get a mixture of durables in each of these categories, so that reported expenditure is more likely to reflect average expenditure on durables.
Demographic Groups
The demand system can be refined by introducing demographic variables, which allow to differentiate the behaviour of different groups in society. We therefore introduce demographic variables which describe the household composition. We follow the differentiation of household types found in Kohn and Missong (2003) and group households according to the number of children and adults living in the household. The resulting household types are single adults without children (S0) or with one child (S1) and couple households without children (C0), with one child (C1) or with two (C2) or three children (C3). Other household types were excluded from the analysis due to their infrequent appearance in the data set. In the definition of household types, children are up to 17 years old. Table 2 shows the 6 household types used in the analysis and their shares in the data set. The share of couple households without children is largest, followed by singles without children, couples with two children, couples with one child, couples with three children and singles with one child.
[ Table 2 about here.]
Price Data
Besides expenditure data, price indices are needed for the estimation of expenditure curves. We use differentiated price data from the German consumer price index (CPI) of the years 1993 , 1998 , 2003 and 2008 . For the years 1998 , 2003 and 2008 we make use of the monthly CPI. We average the monthly CPI over three-month periods to obtain quarterly price data. For 1993 the IES provides expenditure data on a yearly basis. Correspondingly, we use the twelve-month averaged CPI. The CPI is based on price data collected by the German Federal Office of Statistics and provides price indices which correspond to the sub-commodity groups of the IES.
Estimation Method
Stochastic Specification
A typical form of heteroscedasticity arising in the context of demand system estimation is a positive correlation of the demand curve error variances and total expenditure. If households have a higher total expenditure, their attainable spendings in each category cover a larger range. Thus, the observed variation of spending in each category is likely to increase with total expenditure. A common approach to correct for this form of heteroscedasticity is to estimate expenditure systems with share equations, hence with expenditure equations divided by total expenditure. However, as Park (1966) already points out, dividing by total expenditure is a rather restrictive approach since it assumes that the error variance increases proportionately to the squared expenditure. Park therefore proposes a more general approach by assuming that the error variance σ 2 u i increases proportionately to power γ i of total expenditure:
with ν i being a 'well-behaved error term ' (Park (1966) ). It is possible to estimate γ i in a two-step procedure. First, an estimate of the standard error σ u i is obtained. For this purpose expenditure in each category is regressed on total expenditure, total expenditure squared, and the regression residuals are calculated:
Θ 0i ,Θ 1i ,Θ 2i denote the estimation coefficients. The squared residualσ
can then be inserted into the logarithmic version of equation 17, so that one obtains the linear regression equation:
with e i being again a well-behaved additive error term. With equation 19 a linear regression can be run and the obtained coefficientsγ i can be used to divide the expenditure equations by generalised total expenditure µγ i 2 to obtain generalised expenditure shares with homoscedastic error terms. Adopting this approach, we obtain the final regression equations based on equations 8 and 10, extended by an additive error term ε i and divided by generalised total expenditure:
Thereby the θ mi for m ∈ {1, 2, 3} are provided by Kohn and Missong (2003) as follows:
Estimation Procedure
The summability constraint i q i p i = µ imposed by the QES results in a zero sum of regression residuals iε i = 0 for each household. This however means that each household's residual variance covariance matrixεε T withε T = (ε 1 /µγ 1 2 , ...,ε n /µγ n 2 ) becomes singular. Inversion of the matrix needed for parameter estimation is no longer possible. To make the estimation feasible, we drop the "others" category and reconstruct its parameters from the estimated system.
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We thus specify the system as a nonlinear seemingly unrelated regression model and we use an iterated feasible generalised least squares estimator. Accordingly the errorsε i = ε i /µγ i 2 for i ∈ {1, ..., n} are assumed to be correlated for different expenditure curves of the same household, but not for different households (Zivot and Wang (2007), section 10.4). To find starting values for the iterative estimation process, we follow a step-wise procedure. In a first attempt, we estimate a LES, with parameter starting values set to zero. We then estimate an aggregated QES, using the coefficient estimates from the LES, where available. All other parameter estimates are again set to zero. We continue in the same manner with the demographically translated system. The final estimates of the demographically translated QES are tested for heteroscedasticity in the total expenditure dimension by regressing the estimation residuals on total expenditure and total expenditure squared. For residuals of all equations, coefficients on total expenditure are significant at the 1% level. We therefore report heteroscedasticity robust standard errors.
Results
Table 10 presents the estimated basis coefficients of the demographically translated demand system. All c i coefficients are significant at the 1% percent level and so is the Wald test of their joint significance. We therefore conclude that the quadratic model is superior to a LES for the demand system at hand. The Akaike information criterion and Bayesian information criterion yield superior values for the demographically translated model (AIC: -2642460, BIC: -2641702) as compared to an aggregated model (AIC: -2602648, BIC: -2602370). Hence, the differentiation by household types adds valuable information to the demand system. Furthermore, the estimated demand system is theoretically plausible at the means of the household type specific 2008 total expenditure quartiles for which we present elasticities in Section 4.1 below. That is, demands are positive and the Slutsky ma-trix is negative semidefinite. The negative semidefiniteness of the Slutsky matrix is tested by calculating its eigenvalues. Table 11 shows the eigenvalues of the system Slutsky matrix at the means of the household type specific total expenditure quartiles. One of the eigenvalues is by construction zero within the range of computer precision. This is due to the singularity of the Slutsky matrix which follows from the imposed summability constraint of the demand equations (Mas-Colell et al., 1995, p. 35) . All other eigenvalues are negative, confirming the negative semidefiniteness of the Slutsky matrix at the analysed points. Table 3 shows the weighted means of household type specific predicted elasticities, evaluated at the means of the total expenditure and price distributions of the year 2008. Predicted elasticities characterise electricity, heating, transport, food and housing as necessity goods with expenditure elasticities µ < 1. The corresponding price elasticities p i are inelastic. The remaining commodity groups are characterised as luxury goods.
Elasticities
Expenditure and Income Elasticities
5
We take a closer look at the price and expenditure elasticities for electricity, heating, transport, and food in Tables 4 and 5 by using the demographic translation and by differentiating the quartiles of the expenditure distribution (see Tables 12  and 13 for the remaining goods). The disaggregated figures show that expenditure elasticities increase monotonically with increasing total expenditure, implying a decreasing necessity character of the respective goods for households with higher total expenditure. The only exemptions are the heating expenditures of families with two or more children (C2, C3) which decrease slightly for the top expenditure profiles (µ 50−100 ). Energy goods might also have a luxury component with regard to high income households. With increasing expenditure more (luxury) goods become attainable which rely on energy inputs. The cross-price elasticities in Table 3 provide evidence in support of this hypothesis: Heating is a complementary good to housing, which exhibits expenditure elasticities that increase in total expenditure and transport is a complementary good to the luxury good education.
5 A detailed account of elasticities by expenditure profile and household type is comprised in Tables 12 and 13 . Interestingly, education is characterised as a necessity for family households with two or three children, i.e. in the lower half of the expenditure distribution. Mobility also shows an expenditure elasticity below unity for family households with three or more children in the upper quarter of the expenditure distribution. All remaining consumption categories show an expenditure elasticity above unity. Park et al. (1996) note that the use of real income elasticities instead of expenditure elasticities can result in a different trend over the total expenditure range. This is due to the fact that most demand systems do not capture all expenditures, so that the variation of the neglected expenditure can affect income elasticity trends. We therefore apply the method used by Park et al. (1996) as a robustness check and derive estimates of real income elasticities for comparison. Total expenditure is regressed on disposable income, disposable income squared and indicator variables for each household type. An estimated analytical relationship between disposable income (ι) and total expenditure (µ) is obtained which allows for the calculation of income elasticities of total expenditure η µ ι . Real income elasticities for the different commodity groups are then obtained by multiplying their expenditure elasticities with the income elasticity of total expenditure: Table 14 shows the income elasticities for energy commodities and food. Income elasticities do not differ substantially from expenditure elasticities. Income elasticities are slightly lower, since total expenditure on consumption goods does not increase proportionately with disposable income. We see a trend inversion for income elasticities of food for the highest expenditure quartile of couple households (C0-C3). Similar to expenditure elasticities of heating, income elasticities of heating exhibit a trend inversion for the highest expenditure quartiles of couple households. The variation of expenditure elasticities between different household types is especially interesting for the first expenditure quartile since these households are the most vulnerable ones. Electricity and heating have a stronger necessity character for single households (S0) and lone parents (S1) when compared to couples. This finding is in line with the concept of scale economics in energy use, which is well documented in the literature (Brounen et al., 2012) .
[ 
Price Elasticities
The modulus of price elasticities (in the following simply termed price elasticities) for energy goods and food, shown in table 5, increases monotonically with increasing total expenditure. While all energy commodity groups remain in the inelastic range over the whole total expenditure distribution (with the exception of food for couples without children), price elasticities are relatively low in the lower quartile of the expenditure distribution and particularly low for single households (S0) and lone parents (S1) with respect to electricity.
Concerning the differences between household types, there seems to be a significant increase in price elasticities from single to couple households. The number of children, on the other hand, plays a minor role in determining elasticities. Looking at single households, the price elasticities for all households, except those belonging to the lowest expenditure quartile, is higher for singles without children (S0) than for lone parents (S1). The differences are, however, small and sometimes not significant at the 5% level.
[ Table 5 about here.]
Our results yield the same classification of necessities and luxury goods as found in Kohn and Missong (2003) , but price elasticities show a different pattern. Unlike Kohn and Missong (2003) , we observe price elasticities below and above unity. This can be explained by different time horizons underlying the studies. While Kohn and Missong (2003) use data from 1988 to 1993, we use data from 1993 to 2008, and by that cover a longer period in time and take a long-run perspective. The price elasticities obtained in the present study do not reflect instant demand changes due to increased prices under constraint budget. They also entail demand changes which are due to long-term effects, such as changes in lifestyle or the social environment and acquisitions or replacement of durable goods over time as alternative reaction to changes in prices. The latter aspect could include the increase in energy efficiency over time. Nikodinoska and Schröder (2016) classify electricity, car fuels and other fuels as necessity goods, their estimates -especially for expenditure on energy -are somewhat higher than the one obtained in this study. The predominant form of elasticity curves derived by Nikodinoska and Schröder (2016) over total expenditure is inverted U-shape, whereas we observe a monotonic increase of elasticities. It is, however, not clear to which extent both demand systems comprise the same goods and there are methodological differences. Therefore, the comparability of the results is limited. Our results are in line with those by Beznoska (2014) , i.e. with respect to a higher price responsiveness in the case of heating fuels when compared to electricity.
[ Table 6 about here.]
Subsistence Expenditure
The QES includes b i parameters, which can be interpreted as absolute subsistence quantities with corresponding expenditure b i p i (compare Kohn and Missong (2003) or Lewbel (1997, p.188) ). The interpretation as subsistence parameters is illustrated by the expenditure functions (Equation 8), which describe expenditure as the fixed term b i p i and additional terms depending on the supernumerary expenditure µ − i p i b i . There are however differing views on the interpretation of the b i parameters as subsistence expenditure. Pollak and Wales (1978) argue that the b i parameters are generally allowed to be negative, which contradicts the interpretation as subsistence quantities. In the demand system at hand, there are in fact negative b i parameters for the commodity groups health, mobility and other goods. All of these goods are luxury goods, especially for households of the lowest expenditure quartiles. It is therefore possible, that any purchasing decision for these goods happens within the range of apportionment of supernumerary expenditure, implying that actual subsistence levels for these goods are zero. Given the methodological issues attached to negative b i parameters, we refrain from evaluating overall subsistence expenditure, and focus on subsistence expenditure on heating and electricity. Table 7 shows the respective monthly subsistence expenditures in euro at the price level of 2014. The table also shows actual electricity expenditure of low income households in Germany which receive basic social security allowances (SGB II). These figures are drawn from Aigeltinger et al. (2015) .
6 The last column shows modified electricity expenditure. It denotes electricity expenditure as predicted by the QES at total expenditure levels corresponding to the German social security allowances. 7 The amount of German social security allowances roughly corresponds to the risk of income poverty line in Germany (60% of median equivalised income, see also BMAS (2013)). Thus, the allowances define an overall expenditure level at which expenditures in the energy categories correspond to a more generous definition of subsistence levels. Table 7 shows that subsistence expenditure is contingent on household type (i.e. the number of persons in the household), and that heating subsistence expenditures are in general higher when compared to electricity, as expected. The ratio between necessary heating and electricity expenditures decreases with an increasing number of household members. This implies that scale effect in energy use are stronger with 6 There are no corresponding figures for heating expenditures available since heating expenses are directly reimbursed by the welfare agency as part of housing costs.
7 To overcome conceptual difference of subsistence expenditure estimates and basic social security allowances, we estimate electricity expenditures at total expenditure levels corresponding to the German overall benefit payments. The necessary analytical relationship between total expenditure and expenditure comprising only the goods which are covered by benefit payments is derived through an auxiliary linear regression. Resulting electricity expenditures are shown in the last column of Table 7 . Where the benefit payments cover a range, we provide estimated electricity expenditures at the mean of the upper and lower bounds of total benefit payments.
regard to space heating when compared to electricity consumption. When we compare the subsistence expenditure on electricity with actual electricity expenditure of low-income households receiving basic social security payments, we find that actual expenditure is very close to the subsistence level. We find that modified electricity expenditure, as predicted by the QES, is slightly higher than what households receiving basic social security payments actually spend. Overall, the concept of subsistence expenditure, and the corresponding figures as shown in Table 7 are relevant with respect to the discussion on fuel poverty or energy poverty. The prevailing methodological approach is to evaluate the risk of fuel poverty based on energy expenditures and income of households (Hills, 2012; Moore, 2012) . Such approaches appear arbitrary since they lack theoretical foundation and partly violate widely accepted demands of poverty measurement (Healy, 2004; Heindl and Schuessler, 2015; Heindl, 2015) . Subsistence expenditure can be interpreted as an absolute fuel poverty line, i.e. an amount of money spent on energy, which must at least be available to households in order to afford a minimum standard of energy services. Arguably, there are conceptual difficulties attached to this concept, but subsistence expenditure might at least provide a rough indication of necessary minimum energy expenditure that -on average -corresponds to a level of energy consumption free from severe restrictions.
[ Table 7 about here.]
Equivalence Scales
It is interesting per se how 'shareable' energy goods are, in particular because economies of scale in residential energy use might exist, implying that larger households can use energy goods more effectively compared to smaller ones. But economies of scale in energy use also play an important role in the discussion on fuel poverty. In the presence of economies of scale, smaller households might face a higher risk of being deprived compared to larger households, other things equal. To account for scale effects in residential energy use, Hills (2012) suggests using equivalised figures of household energy expenditure and income in assessments of affordability of energy services and fuel poverty. By doing so, Hills refers to the new OECD equivalence scale. This scale assigns a weight of 0.5 to any additional adult person in the household and a weight of 0.3 to any child (≤15 years) in the household (Anyaegbu, 2010) . In the QES, Kohn and Missong (2003) present a way to determine equivalence scales. Again using the b i parameters, equivalence scales are estimated by dividing subsistence levels i p i b i for each household type by the subsistence level of the reference household type S0 (single household). The results, comprised in Table 8 , show that the OECD scale matches the estimated empirical equivalence scale for electricity very well. However, heating expenditures show very strong scale effects, implying that the OECD scale overestimates actual expenditure of larger households in this case. With respect to expenditure on energy services in total (electricity and heating), the OECD scale approximates expenditure of lone parent households (S1) and couple households (C0) well, but overestimates expenditure of couple households with children (C1-C3). This implies that the OECD scale should not be applied to generate figures of energy expenditure 'per head' as suggested by Hills (2012) because such an approach would yield inaccurate figures.
Effects of Price Changes
The QES allows for a counterfactual assessment of the incidence of changing energy prices at the household level. The standard tool for such an assessment is the compensating variation. For given household preferences -as derived from the estimated demand system -we exogenously change the prices of energy goods and obtain a new consumption schedule for each household. The compensating variation is the amount of money that would be required to obtain the original utility level given the new price vector.
8 This amount of money is eventually divided by the expenditure budget of the respective household, so that it represents a relative burden.
To assess the effects of price increases on welfare between 2000 and 2015, we create a base scenario for the year 2000 and analyse behavioural responses to changes in the prices of the base scenario. In the base scenario, we use the total expenditure and household type distribution of 2008. The prices for all commodity groups apart from electricity and heating are also taken from 2008. We use mean prices of the individualised prices described in Section 2.4. For the energy commodities electricity and heating fuels, real prices for 2000 in terms of the 2008 price level are used.
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8 Please note, that this is not an inter-personal (or inter-household) comparison of utility, because utility levels before and after a change in prices are compared within and not across households.
9 Price developments are calculated using the German CPI for electricity and heating fuels deflated by the overall German CPI. The price for heating fuels is a combined price of gas, oil, coal and district heating prices. The combination follows the weighting schemes of the German Federal Statistical Office used for the calculation of the CPI in the respective year. [ Figure 1 about here.] Figure 1 shows the predicted compensating variation of energy price increases between 2000 and 2015 divided by total expenditure for each household type. For energy price increases between 2000 and 2015, relative compensating variation covers a range of about 1.75% for the richest couple households to 3.75% for the poorest singles without children. It has a mean value of 2.5%. The result clearly shows that there are significant differences of relative burdens born across the quartiles of the expenditure distribution. Thus, energy price increases (electricity and heating fuels) tend to be regressive. The variation of relative burdens across household types is less pronounced. While burdens are somewhat smaller for families with children when compared to single households or single parents, the expenditure budget appears to be the most important determinant. Previous research has shown, that the expenditure share for necessities, and in particular for energy services, differs strongly across the income distribution, whereby low-income households spend larger portions of income on energy series when compared to wealthier households (Meier et al., 2013b; Heindl, 2015) . This pattern contributes to regressive effects of energy price increases, but the impact of differentiated price elasticities has not been discussed so far. The assumption of zero price elasticities made in previous studies (Grösche and Schröder, 2014; Neuhoff et al., 2013) distorts actual income distributions after imposition of the burdens from price increases in two respects: If the modulus of energy price elasticities is larger than zero, households will reduce their energy consumption in response to price increases. Thus, the burden from price increases decreases. If price elasticties are the same for all households, the inequality in remaining income/total expenditure after subtraction of the burden is smaller than in case of zero expenditure elasticities. On the other hand, energy price elasticities in the system estimated in this work are not constant over households. Richer households reduce their consumption relatively more than poorer households and thus evade the burdens of price increases more effectively. This effect increases inequality compared to the case of constant elasticities. To investigate the effect of behavioural responses to price increases, we estimate the change in the Gini coefficient 10 of the equivalent total expenditure distribution due to residential energy price increases as between 2000 and 2015. The change in the expenditure distribution is induced by the subtraction of the burden
which arises from price increases of electricity (p 1 ) and heating fuels (p 2 ). After subtraction of the burden arising from residential energy price, the Gini coefficient of equivalent total expenditure increases between 2000 and 2015 amounts to 2.143 (+1.3%). Thus, uncompensated energy price increases lead to increasing inequality in the QES. This is in line with the findings by Grösche and Schröder (2014) which are based on a different methodology. However, the increase is 22% higher than the change in Gini coefficient resulting from a scenario with zero price elasticities. The assumption of zero elasticities therefore clearly understates the true effects of residential energy price increases as between 2000 and 2015.
Robustness of Results
To assess the robustness of the estimated system, we compare the obtained elasticities with results from other meaningful system specifications. We test for robustness in face of variations in two dimensions: the number of commodity groups and the time-dependence of preferences. As a first alternative system specification we estimate a demand system comprising five commodity groups: electricity, heating, transport, food and other goods. The other goods category comprises commodity groups 5 to 10 of the ten-good-system presented above (reference system). In the second alternative specification we extend the translation of the b i parameters by 10 The Gini coefficient is an inequality measure based on the difference between the actual Lorenz curve and the Lorenz curve of perfect equality. The Lorenz curve depicts normalised cumulated income/wealth/etc. as a function of the share of population, orderer from poor to rich. For a detailed description of the Gini coefficient and other inequality measures see Grösche and Schröder (2014) . adding year indicator variables for the years 1993 to 2003. We, therewith, overcome the assumption of constant preferences implicit in the reference system. Table 9 gives an overview of predicted elasticities for 2008. In the upper part it shows household means of elasticities evaluated at the mean total expenditure and price level in 2008 for all commodity groups. In the lower part it shows household means of elasticities evaluated at the means of the 2008 total expenditure quartiles and respective price means for electricity and heating fuels. The upper part shows that the classification into necessity and luxury goods as well as into price elastic and inelastic goods is robust over all demand system specifications. Mean elasticities for comparable commodity groups, however, differ significantly in most cases. The mean absolute relative difference of the comparable expenditure elasticities 1/n i |(η i µ − η i µ )/η i µ | between the five goods and the reference system amounts to 0.2 whereas it amounts only to 0.05 in the comparison of the ten goods system with year indicator variables to the reference system. For price elasticities, the respective differences are 0.13 and 0.07. It thus seems that estimated elasticities are rather robust in face of time dependence of the subsistence parameters. They are, however, less robust to the number of commodity groups described by the demand system. The lower part of the table focuses on residential energy goods. It provides a similar picture as the upper part. The estimated trends of elasticities over the total expenditure distribution are robust. In all three systems expenditure elasticities and absolute price elasticities increase with increasing total expenditure for both commodity groups. However, the range of elasticities covered differs between systems.
[ Table 9 about here.]
Discussion and Conclusion
We investigate price and expenditure elasticities of residential energy demand (electricity and space heating) in Germany by applying a quadratic expenditure system (QES) and using official expenditure data from 1993 to 2008. Households are disaggregated along two dimensions: (i) total expenditure and (ii) household size. This approach allows a detailed description of consumption behaviour, which is instrumental for understanding the consequences of changes in energy prices on welfare, e.g. as a result from direct energy taxation. The estimated expenditure elasticity for electricity amounts to 0.3988 and to 0.4055 for space heating . The own price elasticity for electricity is -0.4310 and -0.5008 for space heating. Disaggregation across the dimensions of total expenditure and household size yields more detailed results: Expenditure and price elasticities show considerable variation if differentiated with respect to the quartiles of the expenditure distribution. The expenditure elasticity for electricity of a single household in the lowest quartile of the expenditure distribution is 0.260, compared to 0.485 in the highest quartile. Similarly, the expenditure elasticity of a single household for space heating amounts to 0.279 in the lowest quartile, compared to 0.452 in the top quartile. Price elasticities also differ considerably for the different brackets of the expenditure distribution: The price elasticity of electricity demand is -0.179 for a single household situated in the lowest quartile of the expenditure distribution, compared to -0.566 if situated in the top quartile. The price elasticity for space heating in the lowest quartile equals -0.205 compared to -0.616 in the top quartile. The results suggest that the reaction to changes in prices for energy goods is strongly dependent on total household expenditure. This view is supported by the analysis of an isolated increase in energy prices, where expenditure and prices for other goods are kept constant. The relative compensating variation clearly shows a regressive pattern of price increases for energy services. Relative burdens at the household level are strongly dependent on total expenditure. The disaggregated view on household size further shows that there are considerable economies of scale in residential energy use. Lager households tend to use energy services more effectively compared to smaller ones. A household, consisting of two adult persons for instance, faces costs for energy services of about 1.48-times the amount a single household spends on energy services. A household, consisting of one adult person and one child, spends about 1.26-times the amount a single person spends on energy services. The results indicate, that the 'new OECD equivalence scale' can be used to approximate scale effects in residential electricity use but not scale effects with respect to space heating. Consequently, the OECD equivalence scale is a poor approximation of scale effects which are present in total household expenditure on energy services (electricity and space heating). The results have important implications for energy and climate policy. A real increase in energy prices has regressive effects at the household level. This implies that direct energy taxation or carbon finance mechanisms based on a surcharge per unit of energy consumption will increase economic inequality. Larger relative burdens which fall on households with low income or low expenditure budget will further increase the likelihood of energy related deprivation or deprivation which occurs in other domains of consumption as a consequence of increased energy prices. Of course price increases also contribute to a reduction of energy consumption and therefore to energy conservation. But these effects are contingent on the position of house-holds in the expenditure distribution. The estimated price elasticities imply that low income household will tend to decrease energy consumption to a lower extent compared to households with a higher income. Our results clearly show that assessments of the welfare consequences of real energy price increases hinge on the modelling assumptions. Most importantly, adequate modelling of the behavioural response of households is instrumental. The increase in inequality as a consequence of an increase in real energy prices as between 2000 and 2015 is about 22% larger if detailed price and expenditure elasticities are used when compared to a situation in which elasticities are set to zero. The application of differentiated price and income elasticities of energy demand across the dimensions of expenditure, income, or household size will further help to improve the accuracy of behavioural models of energy demand. This is because the average behavioural response, viz. using uniform price and expenditure elasticities for all households, overestimates behavioural responses at the lower end of the expenditure distribution and underestimates the response at the upper end. 
A Tables
[ Table 10 about here.]
[ B Data preparation Table 15 shows the allocation of expenditure variables to the different commodity groups for each cross-section.
[ Table 15 about here.]
After the allocation of expenditures to the commodity groups, the data is corrected for outliers and misreporting. We first deal with zero expenditure data in any category. Zero expenditure data amounts to about 21% of all data points. However, 80% of it is due to zero expenditure in the heating category alone, where infrequency of purchase prevents an accurate consumption recording. To correct for this inaccuracy without having to drop data, we impute heating expenditure values for zero heating expenditure households. We, therefore, use a linear regression based on data from households reporting a positive expenditure on heating fuels. As independent variables we use among others heating fuel prices, total expenditure and powers of disposable income, household type and year bivariate variables and expenditure in related categories.
The second category with a notable amount of reported zero expenditures is the transport category. We again impute expenditure values for these households in a similar procedure as for heating expenditure. 11 The occurrences of the remaining reported zero expenditures show a random pattern. We drop them under the assumption of misreporting given the broad definition of the expenditure categories. About 5% of the data is dropped due to zero expenditures. We also drop outliers characterised by an extreme ratio between expenditure and disposable income or by an extreme expenditure share in at least one commodity group. That is, observations are dropped if they either fall in any commodity group in the highest or lowest percent of the distribution of the expenditure to disposable income ratio (adopted from Nikodinoska and Schröder (2016)) or if they deviate by more than three standard deviations from the year-specific mean expenditure share in any commodity group. 12 In total about 15% of the zero expenditure adjusted data is dropped during the process. 11 The analysis of the consumption behaviour and the wealth status of these households suggests that the large majority is not in possession of a motorised vehicle. Thus the regression used for imputation is based exclusively on households which report positive expenditure on public transport but not on car fuels.
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